ABSTRACT A major problem with the current use of porphyroblast±matrix microstructural relationships to infer orogenic histories, such as multiple orthogonal orogenic events, is that other evidence for these events is typically lacking. For example, a comparison of regional relationships and local structures formed in and adjacent to porphyroblasts present in contact aureoles in the Foothills Terrane, Sierra Nevada, California, shows that: (1) except in shear zones, contact aureoles and local zones along lithological contacts, the Foothills Terrane has a single regional cleavage, although locally formed by multiple processes; (2) the regional cleavage and locally developed porphyroblast inclusion trails have variable orientations, and neither dataset supports the formation of dominantly subhorizontal and subvertical cleavages in this orogen; (3) structural and metamorphic heterogeneities occur at all scales and can markedly affect inclusion trail patterns in porphyroblasts; (4) complex porphyroblast growth features and internal inclusion trail patterns can form in porphyroblasts that grow during short time intervals in contact aureoles, indicating that local complexity in porphyroblasts does not imply regional complexity. Because of these conclusions, multiple datasets, rather than data acquired only from porphyroblasts, should be considered when attempting to understand the evolution of orogens. Furthermore, using microstructural information preserved only in porphyroblasts to infer orogenic processes and plate motions is generally unjusti®ed.
INTRODUCTION
This paper discusses the use of porphyroblast±matrix microstructural relationships to infer tectonometamorphic histories of orogens. We investigate: (1) the extent to which these relationships can be used to support tectonic interpretations; and (2) the extent to which they can be used to link deformation and metamorphism. The ®rst issue concerns recent proposals suggesting that inclusion trail patterns can be used to determine the regional evolution of orogenic belts (Bell & Johnson, 1989; Johnson, 1990 Bell et al., 1995 Bell et al., , 1998 Bell & Hickey, 1999) and/or past plate motions (Aerden, 1994; Bell et al., 1995; Bell & Jianqi, 1999) . The second issue concerns the degree to which porphyroblast±matrix relationships can be used to address questions about the duration and heat source for metamorphism, the duration and episodicity of deformation, the importance of heterogeneous deformation/metamorphism in orogenic belts, and the timing of mineral growth relative to the development of cleavages (Zwart, 1962; Bell et al., 1986; Vernon, 1989; Johnson, 1992 Williams, 1994) . In trying to evaluate these issues, we have found that another philosophical issue arises Ð whether greater weight should be given to a single dataset (porphyroblast± matrix relationships) or multiple datasets (regional structural, metamorphic and geochronological data) when the two approaches result in incompatible conclusions.
In this paper, these topics are evaluated with reference to inclusion trails in porphyroblasts formed in contact metamorphic aureoles around plutons in the Foothills Terrane, Western Metamorphic Belt, central Sierra Nevada, California (Fig. 1 ). This area is particularly suitable because it has been studied in detail for many years, and large geological and geochronological datasets are available. Furthermore, porphyroblast±matrix microstructural relationships in these rocks have been studied by two different groups, namely Vernon et al. (1993) and Bell & Hickey (1999) , the two studies arriving at very different interpretations, although we believe that the observations made by both groups can be reconciled. Finally, we have recently completed several additional studies that add to existing structural, strain and porphyroblast datasets, and these will be presented below.
Our main conclusions in this paper are the following: (1) except in shear zones, contact aureoles and local zones along lithological contacts, the Foothills Terrane has a single regionally developed cleavage, although formed by multiple processes; (2) structural and metamorphic heterogeneities occur at all scales and can strongly affect inclusion trail patterns in porphyroblasts; (3) complex porphyroblast growth features and internal inclusion trail patterns can form in porphyroblasts that grow rapidly in contact aureoles, indicating that local complexity in porphyroblasts does not imply regional complexity; (4) multiple datasets, rather than microstructural data acquired from porphyroblasts alone, should be considered when attempting to understand the evolution of orogens; (5) using microstructural information preserved only in porphyroblasts to infer orogenic processes and plate motions is generally unjusti®ed.
EVALUATING MULTIPLE VERSUS SINGLE DATASETS
Two fundamentally different approaches have been used in porphyroblast±matrix microstructural studies. Some authors have relied heavily on a single dataset (porphyroblast±matrix microstructural relationships) with the premise that a single, well-understood dataset should be given greater weight over other datasets, whereas others have attempted to integrate all available datasets, arguing that it is important to test hypotheses against all available data. Although both are valid scienti®c methods, if con¯icting results are obtained from the two approaches, the datasets, and the interpretations made from them, must be carefully evaluated against one another.
For example, in the Foothills Terrane, California, Bell & Hickey (1999) relied exclusively on porphyroblast±matrix microstructural relationships in an attempt to understand both the growth of porphyroblasts and orogenesis, an approach that they and colleagues have used in other orogens as well (Bell & Johnson, 1989; Aerden, 1994; Bell et al., 1995 Bell et al., , 1998 . Bell & Hickey (1999) concluded that ®ve episodes of orthogonal shortening occurred in the Foothills Terrane and that the inclusion trail patterns re¯ect à mountain range ... riding up and down a few hundred metres as successive horizontal and vertical foliations form and higher-grade rocks are exposed by the progressive uplift and erosion' (Bell & Hickey, 1999; p. 531) . In contrast, we and our colleagues Saleeby et al., 1989; Tobisch et al., 1989; Vernon et al., 1989) have focused on integrating several datasets, in an effort to understand orogenesis and the signi®cance of porphyroblast±matrix microstructural relationships, and have concluded that only a single regional event occurred in this terrane. These two approaches have resulted in very different conclusions regarding: (1) the structural and metamorphic evolution of the Foothills Terrane; (2) growth models for porphyroblasts and the relationship to deformation; and (3) the tectonic signi®cance of porphyroblast± matrix microstructural relationships. A comparison of the datasets and conclusions reached from these two approaches in the Foothills Terrane should thus provide an excellent test of the tectonic signi®cance of porphyroblast±matrix microstructural relationships in this and potentially other orogenic belts.
We start by summarizing previous and recent work on the following datasets for the Foothills Terrane:
(1) general geology, including age and extent of magmatism; (2) regional structural and strain history; (3) regional metamorphic and cooling history; and (4) information available on plate motions. We believe these datasets place critical constraints on the interpretation of porphyroblast±matrix relationships.
General geology
The c. 300 km long Foothills Terrane (Fig. 1) consists of a late Jurassic, regionally metamorphosed slate± greywacke sequence called the Mariposa Formation, which overlies two NW-trending belts of metavolcanic rocks (Saleeby, 1981; Schweickert et al., 1984; Tobisch et al., 1989) . The metavolcanic rocks sit on an older basement of various tectonic fragments of oceanic af®nity (e.g. ophiolites, chert±argillite sequences) that will not be discussed further. The volcanic rocks, a 160 Ma western belt called the Gopher Ridge volcanics and a 200 Ma eastern belt called the Penon Blanco volcanics, range from¯ows and pillow lavas at deeper levels to volcanic breccias to ®ne-grained ash deposits Open circles, areas of no visible cleavage. Question marks, areas of no data. The three insets show the cleavage patterns and relationships of the Bear Mountains Fault system (BMFS) (equals BB+WC+BMFZ in a) near three plutons as follows: (A) 142 Ma Merrimac pluton showing magmatic foliation pattern in pluton, de¯ection of regional fabrics in aureole and associated fabric ellipsoids (after Guglielmo, 1993) ; (B) >138 Ma (three ages=K/Ar cooling ages) Rocklyn-Penryn pluton with magmatic foliation traces in pluton, syn-emplacement cleavage patterns in host rock and outline of BMFS (after H. Yu & S. R. Paterson, unpublished mapping 1994) ; (C) 151 Ma Guadalupe Igneous Complex (GIC) showing internal contacts (after Best, 1963) and host rock bedding, cleavage traces and outline of BMFS (after . Timing relationships around each pluton indicate that the regional cleavage post-dates the GIC, and is syn-emplacement around the other two.
in the upper parts of their sections (Fig. 2a,d) ; locally, they are associated with sheeted dyke swarms (Beard & Day, 1987; Tobisch et al., 1989; Veit & Day, 1999) . Some c. 205¡5 Ma subvolcanic plutons have intruded the Penon Blanco volcanics (Saleeby, 1981; Beard & Day, 1987; Fig. 1) . The metavolcanic rocks are separated by a zone of en echelon ductile shear zones (Fig. 1a) , including the Bear Mountains and Wolf Creek faults, hereafter called the Bear Mountains fault system (BMFS), and are separated from rocks to the east by the Melones±Gillis Hill±Dogwood Peak shear zones (Edelman & Sharp, 1989; Vernon et al., 1989; , hereafter called the Melones fault system (MFS). These rocks have been intruded by late Jurassic plutons with ages of 165±160 Ma in the north and 151±147 Ma in the south and by more widely distributed Early Cretaceous plutons with ages of 130±110 Ma, which form the western exposed margin of the Sierra Nevada Batholith Bateman, 1992) .
Regional structural/strain history
The BMFS and MFS are NE-dipping ductile shear zones dominated by downdip mineral lineations and top-to-SW kinematics (Schweickert et al., 1984; Paterson & Wainger, 1991) . Between these ductile shear zones, both belts of volcanic rocks occur in the cores of regional, tight, gently plunging, SW-vergent anticlines that become less well de®ned to the north-west (Fig. 1b) . A widespread, NE-dipping cleavage, axial planar to the regional folds, occurs in the volcanic rocks, the Mariposa Formation and some of the late Jurassic plutons (Figs 1b, 2e, f & 3) , although the intensity of this cleavage varies considerably along and across strike (see strain data below). In this cleavage, a variable but commonly steeply pitching mineral lineation (Fig. 3 ) occurs in some rock types (Schweickert et al., 1984; Paterson et al., 1989; Tobisch et al., 1989) . These fabrics have been refolded or reactivated in the BMFS and MFS, as well as in the aureoles of the Late Cretaceous plutons (Fig. 2g,h) .
On a regional scale, the synchronously formed shear zones, folds and cleavage de®ne a relatively simple SWdirected fold and thrust belt (Yu & Paterson, 1994) . Previous structural and geochronological studies (Saleeby, 1981; Schweickert et al., 1984; Beard & Day, 1987; Paterson et al., 1989; Saleeby et al., 1989; Tobisch et al., 1989; Yu & Paterson, 1994; Springer & Day, 1999) have established the following history of deformation throughout the Foothills Terrane for this fold and thrust belt: (1) early folding, rigid rotation of bedding and SW-directed thrusting from prior to 160 Ma to 150 Ma; (2) emplacement of late Jurassic plutons at 165±160 Ma in the north and at 151±147 Ma in the south; (3) continued thrusting and rotation of thrusts to steeper dips during widespread cleavage development at 155±123 Ma; and (4) emplacement of Cretaceous plutons at 130±110 Ma.
Paterson and colleagues have examined the intensity of cleavage and lineation by: (1) measuring strains at c. 200 stations, using algebraic, Rf/h and incremental ®bre techniques outlined in Paterson et al. (1989) and correcting for the presence of primary fabrics (Fig. 4a); (2) measuring strains in the ®eld at another c. 60 stations, using harmonic means of object ratios; and (3) qualitatively comparing cleavage and mineral lineation intensities at over 2000 stations. These data were used to construct a preliminary map of strain intensity associated with the regional cleavage in the central and southern Foothills Terrane (Fig. 4b) . Only reconnaissance data are available for the northern Foothills Terrane.
In a previous strain study (using c. 110 samples and 25 ®eld stations) in the southern portion of the Foothills Terrane, Paterson et al. (1989) established that strains associated with the regional cleavage vary as a function of rock type, but that tensor-averaged Note that, in all of these photographs, strains were not high enough to wipe out earlier structures, including cleavage, suggesting that only weak to moderate deformation occurred. None of these photographs show evidence of multiple, regional, orthogonal cleavage-forming events.
values of 55% shortening occurred west of the BMFS, 40% shortening occurred in the BMFS (outside local high shear zones) and 22% shortening occurred between the BMFS and the MFS (Fig. 4b) . Our new data (c. 90 samples and 35 ®eld measurements) from the central and northern parts of this terrane indicate that this pattern does not continue to the north. For example, from south to north in the central Foothills region, strains west of the BMFS decrease markedly (to 0±30% shortening), increase markedly in the eastern belt (to 50±70% shortening) and decrease again in the northern Foothills Terrane (Yu & Paterson, 1993 . Therefore, abrupt variations in percentage shortening perpendicular to cleavage and in three-dimensional strain intensity occur along strike, even in the same rock type, and some relatively large domains occur in which no cleavage is visible and only minor shortening has been recorded (Figs 1b, 2a, b & 4b) .
We suggest that these transitions in cleavage intensity and strain, in places occurring over along-strike distances of 5 km or less, are particularly informative with regard to proposed orogenic models. In these transitions, we do not see evidence of any systematic change in cleavage or strain orientations (Figs 3 & 4a) , in the relative intensity of cleavage versus lineation and in the shape of the strain ellipsoid, if similar rock types are compared (Fig. 4b, inset) . These observations support the following inferences: (1) only a single regional cleavage formed in these rocks; (2) older, gently dipping, regional fabrics (potentially wiped out in regions of steep cleavage and high strain) never existed in these rocks; and (3) orthogonal episodes of shortening did not occur in these regions because strain patterns expected for such a situation (particularly gently dipping X axes and plane to constrictional strains) are absent. An important point in evaluating these conclusions is that most of the strain markers used (volcanic breccia, lapilli, conglomerates, quartz grains in sandstones) record strains that occurred during all events that affected the rock and thus are distinct from cleavages, which may be reworked suf®ciently to remove evidence of older cleavages. Moreover, bedding and other depositional features are widespread in both volcanic and sedimentary rocks throughout the Foothills Terrane (Fig. 2a,b ,e,g); these rocks show no evidence of multiple, high-strain episodes of deformation.
Although only a single regionally developed cleavage is observed in the ®eld (outside shear zones, strain discontinuities along lithological contacts and pluton aureoles), we emphasize that it formed by multiple processes. Besides ductile strain during folding ( Fig. 2c±f) , there is evidence for three other processes contributing to cleavage development. Paterson et al. (1989) concluded that compaction during dewatering played a large role in fabric formation in shaly rocks, forming a bedding-parallel foliation with associated strains of 40±60% (Fig. 2b ). Little to no such compaction occurred in the sandstones and volcanic rocks. inferred that increasing vorticity in shear zones, and locally along some lithological contacts, caused repeated cycles of folding and transposition of the cleavage (Fig. 2h) , although the ®nal structure is commonly a single`composite' fabric. noted that, during emplacement of syn-to post-cleavage plutons, the regional cleavage was reactivated or folded in contact metamorphic aureoles around the plutons (Fig. 2g) . It is also dif®cult to determine whether folds and cleavage formed simultaneously or episodically throughout the terrane, and whether they formed continuously at slower strain rates, or episodically at faster rates Bell & Hickey, 1999) . We will further consider the roles that these processes play in the development of porphyroblast±matrix relationships later in the paper. One conclusion reached in some porphyroblast± matrix studies, including studies of the Foothills Terrane is that successive, separate, orthogonal, horizontal and vertical cleavages form (e.g. Bell & Johnson, 1989; Bell & Hickey, 1999) . To explore this possibility in the Foothills Terrane, we have statistically examined the orientation of the regional cleavage, avoiding local complications in aureoles and shear zones (Figs 3 & 5) . A plot of c. 1600 dip measurements of cleavage shows a strongly asymmetrical plot (=76u, 1s=19u), with a strong maxima of NE dips > 80u (Figs 3 & 5a).
However, almost no subhorizontal dips are present, nor multiple peaks that might support more than one cleavage-forming event. Strike measurements show considerable variation (Fig. 5b) , with a maximum azimuth at 168u. In a later section, these data are compared with statistical studies of inclusion trails in porphyroblasts in the southern Foothills Terrane.
We question the suggestion that regional cleavages should always form in subhorizontal or subvertical orientations in most orogens (e.g. Bell & Johnson, 1989; Bell et al., 1995) . For example, parts of many Tensor-averaged regional strain intensities (shaded patterns) and locations of abrupt, along-strike transitions in intensities of strain; inset shows strain data across labelled strain transition in western volcanic belt. Going from low to high strain (north to south), the strain ®eld falls along a plane-strain path that may slightly diverge into the¯attening ®eld. The data show no evidence of the strong subhorizontal, plane to constrictional strains that would be expected for multiple orthogonal events.
orogens are dominated by asymmetric fold and thrust belts, and we know of no a priori reason to expect dominantly vertical or subhorizontal structures in these settings. To test this in two settings, 556 measurements of bedding and bedding-parallel cleavage have been analysed for the shallow crustal, NE-vergent, Cordilleran fold and thrust belt in the eastern Mojave region, and they show a strong maximum of dips at 39u to the west (Fig. 5c ). We have also analysed approximately 600 measurements of foliation in a ductile, mid-crustal, SW-directed fold and thrust belt in the Cascade core, Washington and found a strong statistical maximum at 75u north-east, a smaller peak at 28u north-east, very few dips at 0u and 90u, and no evidence of multiple orthogonal cleavages (Fig. 5d) . Therefore, to explain such cleavage maxima in orogens, we prefer Passchier's (1997) notion of a`fabric attractor' (e.g. direction, at any one time, towards which material objects rotate) and suggest that fabric attractors in orogens have large spatial and temporal changes in orientations, and are certainly not restricted to 0u or 90u orientations.
Nevertheless, noted that nearly orthogonal foliations have been observed in several areas, especially at the microscale. He suggested seven mechanisms to explain the near orthogonality, all of which could occur at local scales during thrusting. As p. 1186) emphasized,`many of the examples ... are microstructural, and it may be a big jump to infer orogen-scale processes from such smallscale observations'.
Regional metamorphism and cooling history
Detailed metamorphic studies have been carried out only in the northern and southern parts of the Foothills Terrane, with some reconnaissance work in between (Clark, 1964; Day et al., 1988; Tobisch et al., 1989; Springer & Day, 1999) . These studies show that most of the Foothills Terrane has preserved metamorphic assemblages indicating prehnite±pumpellyite facies (Chl+Pmp+Ep+Ab+Ttn¡Act¡Prh) to lower greenschist facies (Chl+Ab+Act) conditions (abbreviations after Kretz, 1983) . In the north and central Foothills Terrane, these regional metamorphic assemblages are overprinted by the BMFS and MFS fabrics, which are de®ned by lower greenschist facies minerals (Springer & Day, 1999) . Two possible exceptions occur in the southern Foothills Terrane where NW-trending belts with upper greenschist to lower amphibolite facies assemblages exist. Controversy about the interpretation of porphyroblast±matrix relationships in the Foothills Terrane largely focuses on porphyroblasts from this area, and thus the cause of this metamorphism will receive careful consideration in a later section.
The regional metamorphic assemblages are locally overprinted in narrow thermal aureoles around late Jurassic plutons and more extensive, dynamothermal aureoles around Early Cretaceous intrusions. Porphyroblasts of andalusite, cordierite, ¡ garnet and ¡ ®brous sillimanite occur in these aureoles.
Based on zircon ®ssion track dating in the northern Sierra Nevada, Rowe et al. (1994) (Fig. 1) . Comparison of adjacent hornblende±biotite cooling ages and U/Pb ages of nearby plutons suggests that plutons were the only heat source for elevating temperatures above 300 uC in this terrane, and that initial cooling near these plutons was rapid. Furthermore, Bateman & Wahrhaftig (1966) noted that the Eocene Ione Formation and underlying older units lie unconformably on the western exposed margin of Early Cretaceous plutons and the Mariposa Formation. Estimates of the ages of the oldest units above this unconformity indicate that this part of the Foothills Terrane was exposed by as early as 95 Ma.
In summary, it is emphasized that: (1) the Foothills Terrane was never deeply buried; (2) regional metamorphic temperatures were never high; and (3) the only known occurrence of andalusite, cordierite and sillimanite in the Foothills Terrane is in contact aureoles.
Plate motions
Although complete agreement between regional geological studies and plate motion studies for this part of the Cordillera during the Jurassic and Cretaceous has not yet been achieved, a possible pattern of plate motions has emerged. A switch from orthogonal convergence to oblique sinistral convergence may have occurred around 150 Ma (Oldow et al., 1984; May & Butler, 1986; Kelley & Engebretson, 1994) , with a subsequent switch to oblique dextral convergence and subduction shallowing between 125 and 85 Ma (Kelly & Engebretson, 1994) . Plate motion studies indicate that between 150 and 120 Ma (the time of porphyroblast growth), the North American-Paci®c plate motion vector remained at moderate to high angles (Engebretson et al., 1985) . Some evidence for the older change in plate motion is preserved in the Foothills Terrane , namely the shallowing of mineral lineations, oblique top-to-north-west kinematics and formation of late conjugate folds. Interestingly, these structures are only preserved in the longlived, ductile shear zones. Regions in between these shear zones show no evidence for the change in plate motion . We suggest that this re¯ects a typical example of deformation partitioning (e.g. Oldow et al., 1984; Tikoff & Teyssier, 1994) , the implication being that porphyroblasts that grow outside ductile shear zones may only experience orthogonal shortening and thus not record changes in plate motions.
In summary, an evaluation of regional datasets in the Foothills Terrane indicates that: (1) a single, NEdipping, regional cleavage formed in this terrane, except in fault zones, contact aureoles and strain discontinuities along some contacts; (2) heterogeneous strain is associated with this cleavage and the gradients in strain nowhere suggest multiple orthogonal shortening events; (3) this region was never deeply buried and cordierite and andalusite porphyroblasts grew only in contact metamorphic aureoles; and (4) porphyroblasts in the Foothills Terrane that grew outside ductile shear zones may not record features re¯ecting changes in plate motions.
SOUTHERN FOOTHILLS TERRANE
As noted above, the most thoroughly examined and controversial porphyroblast±matrix relationships are those involving porphyroblasts in the slate and greywacke sequences in the southern Foothills Terrane, particularly west of the BMFS (Fig. 6 ). Therefore, we will focus on relationships in this area in the following sections.
In this region, the two belts of volcanic rocks end in fold closures. Areas to the south largely consist of slate±greywacke sequences of the Mariposa Formation (Fig. 6 ). Between these volcanic belts, and continuing to the south, is a me Âlange belt consisting of a variety of locally derived and exotic blocks of volcanic rocks, metachert, amphibolite and local ultrama®c rocks in a matrix of Mariposa Formation (Miller & Paterson, 1991) . The western edge of this me Âlange belt marks the western edge of the Bear Mountains fault zone (Fig. 6) .
These belts of supracrustal rocks are intruded by a late Jurassic (151±138 Ma) suite of plutons and Cretaceous (123±112 Ma) plutons to the south-east (Fig. 6) . A single regional cleavage is well developed in the Mariposa Formation and in the western belt of 160 Ma volcanics, but is only weakly developed in the eastern belt of 200 Ma volcanics. This cleavage overprints most of the late Jurassic plutons, and is weakly (123 Ma White Rock pluton) to strongly (112 Ma Bass Lake tonalite) de¯ected in aureoles around the Cretaceous plutons (Fig. 6 ). This cleavage generally strikes north-west and dips steeply to the east, except in some aureoles and in small-scale folds (Figs 2g, 3 & 6) . A spectacular example of cleavage de¯ection in an aureole occurs in the northern part of the central belt, where the regional cleavage¯attens to approximately subhorizontal orientations above a pluton of unknown age (Fig. 6 ).
Strain associated with this cleavage generally decreases from relatively high values in the west to almost no strain in the eastern volcanic belt, and tends to have plane to oblate ellipsoid shapes (Fig. 7) . Strains are highly variable and slightly more prolate in the BMFS. Structural aureoles are not visible around the Jurassic plutons, except for the 151 Ma Guadalupe Igneous Complex, around which strain decreases markedly towards the pluton . The Cretaceous plutons have moderate-to high-strain aureoles (Fig. 7) , with plane to prolate ellipsoid shapes and orientations quite distinct from regional trends (Fig. 6) .
Regional metamorphism is largely lower greenschist to possibly prehnite±pumpellyite in parts of the eastern volcanic belt (Fig. 8) . The metamorphic grade is higher in a NW-trending belt extending for a short distance along the BMFS (Fig. 8) , in which upper greenschist to lower amphibolite facies assemblages (An 15x30 +Bt+ Grt+ and +Cord¡St with rare, late ®brous sillimanite) occur. This belt has been interpreted to represent a combination of overlapping contact aureoles, plutonheated¯uids channelled along the shear zone and slightly deeper levels exposed in the hanging wall of the BMFS . Slower cooling than is typical of a single contact metamorphic aureole occurred in this belt . A second zone of higher grade metamorphism exists west of the BMFS in the southern Fig. 6 . Map of southern part of the Foothills Terrane showing general geology (white, Mariposa Formation; light grey, volcanic rocks and exotic blocks in Bear Mountains fault zone (BMFZ); dark grey, plutons; dots, onlapping sediments of Great Valley Sequence), location and age (black dots) of plutons, trace of regional cleavage (short dash, > 70u dips; triangles, 30±70u dips; boxes, < 30u dips; S, variable/folded foliation), regional fold axes of anticlines, trace of the BMFZ (broken lines) and magmatic foliation/layering in plutons (long dashes). Inset shows folds and fold axes near western margin of the BMFZ (after Lyon, 1954) . Note the circular region of¯at-lying foliation in the northern part of the BMFZ in the roof of a buried pluton.
Foothills Terrane and consists of discontinuous zones of biotite+cordierite+andalusite¡®brous sillimanite porphyroblasts (Fig. 8) .
Contact metamorphic aureoles with cordierite+ andalusite occur around the late Jurassic plutons where they intrude the Mariposa Formation, including the aureole above the buried pluton in the north-central region of the me Âlange belt (Fig. 8) . More extensive contact metamorphic aureoles with andalusite, cordierite, staurolite, garnet and sillimanite occur around the Cretaceous plutons; see Tobisch et al. (1989) and for detailed descriptions.
TIMING AND DURATION OF PORPHYROBLAST GROWTH AND IMPLICATIONS FOR THE STRUCTURAL METAMORPHIC HISTORY
Some of the porphyroblasts examined by Vernon et al. (1993) and all the porphyroblasts investigated by Bell & Hickey (1999) were collected from the western zone of higher metamorphism (Fig. 8) , that is Metamorphic Belt 1 of Tobisch et al. (1989) . The porphyroblasts in this belt occur in domains that do not extend more than a few kilometres north of surface exposures of the Courthouse Rock pluton, in discontinuous domains between the Courthouse Rock and Nora plutons, and are patchy in distribution south of the Nora pluton. The size and number of porphyroblasts increase near the exposed portions of these two plutons, near other small, exposed intrusive bodies and in regions rich in quartz veins.
These observations, combined with the regional relationship that cordierite and andalusite porphyroblasts in the Foothills Terrane are only found in contact aureoles around plutons, support the interpretation that these porphyroblasts formed in contact aureoles above the partially exposed Nora and Courthouse Rock plutons, near other small poorly mapped plutons in this belt (Fig. 8) and near plutons now covered by the onlapping Cretaceous sediments to the west. Thus, although Bell & Hickey (1999) interpreted these porphyroblasts as belonging to regional metamorphic zones, we concur with earlier studies ) that a more likely interpretation is that these porphyroblasts grew in discontinuous contact metamorphic aureoles.
Many thermal models exist for instantaneous (Furlong et al., 1991) and incremental (Yoshinobu et al., 1998) growth of plutons with various compositions, shapes, sizes and depths of emplacement. They consistently show that thermal perturbations in Ar cooling ages for biotite (B) and hornblende (H) shown by black dots (data from Saleeby et al., 1989) . Also shown is a western belt of discontinuous regions of biotite+cordierite+andalusite porphyroblasts interpreted as contact aureoles around small exposed and unexposed plutons aureoles around plutons similar to the shallow, late Jurassic suite in the southern Foothills Terrane cool and dissipate rapidly, typically in 0.3±2 Myr (Barton et al., 1988; Furlong et al., 1991; Yoshinobu et al., 1998) . Cordierite and andalusite growth kinetics probably further decrease the time available for porphyroblast growth (Kerrick et al., 1991; Evans & Davidson, 1999) . Bell & Hickey (1999; p. 522) stated that,`the rocks containing these porphyroblasts were ductiley deformed and metamorphosed during the period c. 145 to c. 123 Ma '. However, this 22 Myr interval spans the complete period between the emplacement of the late Jurassic plutons and emplacement of the Early Cretaceous plutons located well to the east (Fig. 6 ). In contrast, the above discussion indicates that these porphyroblasts grew in no more than a few million years and more likely in a few hundred thousand years.
Cleavage patterns around the Nora and Courthouse Rock plutons are shown in Fig. 9 . Near the Nora pluton, the cleavage in the host rock is moderately de¯ected around the pluton and is continuous with a weak magmatic foliation, with a minor subsolidus overprint, in the pluton. Near the Courthouse Rock pluton, the host rock cleavage is cut discordantly by the main part of the pluton, but overprints an eastern phase of this pluton . These cleavage patterns are consistent with cleavage formation during and after emplacement .
Microstructural observations by both Vernon et al. (1993) and Bell & Hickey (1999) indicate that most of the porphyroblasts in this area have simple, straight or singly curved inclusion trails that were syntectonic with respect to the main foliation. Less certain (porphyroblasts with poorly preserved inclusion trails) or more complicated (rare porphyroblasts with more complicated patterns) timing relationships were inferred for other porphyroblasts. However, in all cases, the present matrix foliation was inferred to have formed during or after the ®nal growth of most porphyroblasts.
Bell & Hickey (1999) also described more complex inclusion trails in some porphyroblasts and presented photographs purporting to show inclusion trail truncations, which they interpreted as implying that four to ®ve orthogonal cleavage-forming events occurred during the growth of the porphyroblasts. They noted that most foliations disappeared short distances away from porphyroblasts, and explained this by suggesting the following two alternative mechanisms. 1 Each cleavage-forming event was intense enough to completely remove evidence of the older cleavage by reactivation and rotation of existing foliations. 2 Although successive crenulations formed locally against porphyroblasts, the foliations never continued across the rock succession.
The short growth duration of these porphyroblasts has important implications for the interpretation of microstructural relationships described by both studies, but is particularly relevant for the multiple growth episodes and complex inclusion trail patterns emphasized by Bell & Hickey (1999) . Because the area shows no evidence for repeated cooling and reheating cycles, and because Bell & Hickey (1999) did not appeal to repeated periods of heating to account for their inferred multiple growth episodes, we conclude that the inferred growth complexities probably re¯ect heterogeneous behaviour during a single contact metamorphic event, although the possibility of local, overlapping thermal aureoles cannot be eliminated at this stage.
Furthermore, if their ®rst mechanism is correct, and on the assumption that 70% shortening is needed to completely remove evidence of an older cleavage, it would take 3.8 Myr per event, or 19 Myr for all ®ve events at a strain rate of 10 x14 s x1 (e.g. Paterson & Tobisch, 1992) . Regional strain rates of 10 x13 s x1 would be required to accomplish these ®ve orthogonal deformation events and removal of older fabrics in 2 Myr, and regional strain rates of 10 x12 s x1 to do so in 0.5 Myr. These high strain rates may be appropriate for localized ductile shear zones or ductile aureoles around plutons, but are unlikely at the orogen scale. For example, Dunlap et al. (1997) We agree with the second mechanism of Bell & Hickey (1999) , that crenulations may form locally against porphyroblasts. However, the problem with the interpretation that these local crenulations can be used to infer orogenic processes (Bell & Hickey, 1999) is that it implies that very homogeneous regional strains (re¯ecting orogenic processes) can be recorded as very local strain heterogeneities.
Alternatively, we suggest that the complexities in Si patterns, that is internal inclusion trail patterns in these porphyroblasts, as well as the growth complexities inferred by Bell & Hickey (1999) , re¯ect local heterogeneous processes in contact aureoles and do not re¯ect regional orogenic events.
LOCAL HETEROGENEITIES IN DEFORMATION AND METAMORPHISM
To date, all studies of porphyroblast±matrix microstructural relationships in the Foothills Terrane have concluded that most porphyroblast growth and Si patterns are relatively simple. For example, Bell & Hickey (1999) stated that,`most cordierite porphyroblasts contain simple inclusion trails that are slightly sigmoidal or predominantly straight with curvature restricted to the porphyroblast rim'. They also stated that,`inclusion trails in andalusite tend to be straight to slightly sigmoidal, with most curvature being restricted to the porphyroblast rims, or to the region just inside the truncational microstructures'. Our studies of porphyroblasts in the southern Foothills Terrane west of the BMFS (e.g. Figs 8 & 10) support their observations. Between 80 and 90% of the porphyroblasts we have examined show either simple growth and Si patterns or do not have easily discernible Si trails. The remaining 10±20% preserve more complicated growth and/or Si patterns. Below, we focus on possible explanations for both the more common patterns and the uncommon complexities.
Repeated or punctuated metamorphic reactions Bell & Hickey (1999) inferred that the porphyroblasts of cordierite and andalusite were formed by the reaction, Ms+Chl+Qtz=And+Crd+Bt+water, and that this reaction produced the cordierite and andalusite in four separate growth events. Evidence for the supposed episodes of deformation and porphyroblast growth was obtained in one rock (Bell & Hickey, 1999; p. 527) . They inferred that growth stopped because of the development of crenulation cleavages against the porphyroblasts,`isolating them from access to further reactants'. However, even if this mechanism is correct, it does not necessarily imply separate episodes of cordierite and andalusite growth, because growth could have continued where localized crenulations were weaker, both on other parts of the same porphyroblasts and on different porphyroblasts. In other words, relatively continuous growth of porphyroblasts may have been interrupted periodically and locally by strain concentrated against them as the rocks deformed heterogeneously during the short interval (c. 0.5±2 Myr) of contact metamorphism.
Inclusion trail patterns
Determining statistical orientations of Si or`truncations' of Si is somewhat problematic for both the simple and complex patterns. Many of the inferred truncations of inclusion trails illustrated by Bell & Hickey (1999; their ®gs 3±6) , although outlined by bold white lines, may be interpreted after careful examination of the photographs as relatively narrow transition zones of continuously curving Si with curvatures >90u.
Moreover, even if genuine truncations can be shown unequivocally to be present, they would not necessarily imply separate deformation events. For example, they could represent very local stress and/or strain concentrations against a porphyroblast that locally and temporarily halted its growth, as suggested by Bell & Hickey (1999) with regard to their ideas on punctuated metamorphism. Continued deformation of the matrix could produce Se (i.e. the matrix foliations) truncating Si, after which resumed growth of the porphyroblast would overgrow the truncation. No regionally signi®-cant repetitions in metamorphism or deformation need be implied.
In other places, the inclusion trails can be inferred to be in very different orientations from those indicated by the white lines, as well illustrated by ®g. 4 of Bell & Hickey (1999) , in which inclusion trails at different angles from those inferred by them can be delineated in several places. Therefore, it appears that the selection of inclusion trail orientations is subjective, and even the easily recognized trails typically have smoothly curving patterns, rather than straight truncations. For example, even some of the simple Si patterns follow smoothly curving trajectories through >45u from core to rim. Therefore, deciding where to draw tangent lines to curved inclusion trails, some of which curve through more than 90u, is subjective.
Even so, we have tried to draw tangent lines to segments of Si trails that have the least curvature, ignoring segments with the greatest curvature. Thus, for simple sigmoidal patterns, we made one measurement of the relatively straight line segments near porphyroblast cores, noting that near porphyroblast rims the Si orientation approaches Se, which in this region statistically dips 76u to the north-east. Additional measurements from both core and rim portions of porphyroblasts were needed to fully characterize the more complex patterns. Data collected in this manner for Si patterns in examples published by Vernon et al. (1993) and Bell & Hickey (1999) are shown in Fig. 11 . None of the data show strong peaks around 0u or 90u, contradicting the conclusion of Bell & Hickey (1999) that Si patterns preserve dominantly subvertical and subhorizontal cleavages. In fact, the strongest peaks in sections that we examined (Fig. 11d) occur at 40u anticlockwise from geographical vertical (i.e. apparent dips of 50u to the north-east) and at 57u clockwise from geographical vertical (i.e. apparent dips of 33u to the south-west). Data from the more complex examples published by Bell & Hickey (1999) show a wide range of orientations, with some suggestion of peaks similar to those noted above (Fig. 11e,f) , and with an additional peak near x 10u (e.g. apparent dips subparallel to the Se). Neither dataset shows maxima near 90u.
We suggest that, when attempting interpretations of these data, the common Si patterns should be kept separate from the rare patterns. The data in Fig. 11 suggest that the common Si patterns have distinct peaks in preferred orientations and may form the cores of the more complicated examples of Bell & Hickey (1999) . That is, the greatest variability in Si orientations typically occurs in the outer portions of porphyroblasts. Again, it is emphasized that these complexities are only present in a very small percentage of porphyroblasts.
Regional orogenesis or local strain heterogeneities?
The inclusion trail patterns in these porphyroblasts have been inferred to re¯ect: (1) multiple orthogonal orogenic events (Bell & Hickey, 1999) ; (2) rotation of porphyroblasts with respect to external geographical coordinates during continued growth (Vernon et al., 1993) ; and (3) complex local structures (Figs 12 & 13) (the focus of this paper, but implied by Vernon et al., 1993) .
We do not favour the ®rst hypothesis because: (1) there is no evidence for multiple regional foliationforming events; (2) strain patterns contradict the existence of regional orthogonal shortening events; (3) orientations of Si do not form statistical maxima near 0u or 90u; (4) the porphyroblasts grew rapidly in contact aureoles, thus requiring improbably high regional strain rates for ®ve regional events; and (5) the complex inclusion trail patterns used to support these multiple events occur only in a small percentage of porphyroblasts.
Furthermore, we ®nd the conclusion of Bell & Hickey (1999) , that their inferred ®ve episodes re¯ect movement at the orogen scale and potentially changing plate motions (Bell et al., 1995) , problematic for the following reasons: (1) changing plate motions should largely affect the strike of foliation, whereas the complex Si patterns show greatest changes in dips; (2) earlier it was noted that the structures which might re¯ect plate motions occur only in ductile shear zones, not in the regions between these zones, which is where these porphyroblasts grew; (3) the multiple changes in plate motions would be unlikely to have occurred over the time-scales of porphyroblast growth in contact aureoles; and (4) the inference that major orogenic events produce minor crenulations against <20% porphyroblasts, in constant orientations across terranes, requires an unlikely combination of homogeneous behaviour at the orogen scale, to produce parallel orientations of Si, yet heterogeneous behaviour at the microscale, to form crenulations around only a few porphyroblasts.
The second hypothesis was explored by Vernon et al. (1993) . We ®nd this hypothesis dif®cult to evaluate (1993) and Bell & Hickey (1999) as follows: (a) data from Vernon et al. (1993; ®g. 27 ); (b) data from Vernon et al. (1993; ®g. 28) ; (c) data from Vernon et al. (1993; ®g. 29) ; (d) combined data from all of the above; (e) data from central parts of all porphyroblast photographs in Bell & Hickey (1999) ; (f) data from outer parts of all porphyroblast photographs in Bell & Hickey (1999) . Note the general lack of orthogonal peaks at 90u and 0u, the consistent peak in both datasets at c. x 40u and roughly orthogonal peaks in the Vernon et al. (1993) data at x 40u and + 57u. The latter peaks would re¯ect apparent dips of 50u northeast and 33u south-east if porphyroblasts had not rotated with respect to geographical coordinates.
fully, but continue to favour rotation, at least where: (1) porphyroblasts physically interact; (2) porphyroblasts are altered and internally deformed; and (3) Si orientations are highly variable over short distances. It is also dif®cult to offer an alternative explanation for some orientations of Si in the Foothills Terrane porphyroblasts, such as those with south-west dips.
In the remainder of this section, we explore the third hypothesis, namely that complex Si patterns re¯ect local structural heterogeneities (Figs 12 & 13) . First it is re-emphasized that the common Si patterns should be distinguished from the rare, complex patterns. Independent geological evidence exists for three interpretations that may explain the common sigmoidal Si patterns (Fig. 14a) . The ®rst is that they may re¯ect regional steepening of cleavage during late contraction of a fold and thrust belt (Fig. 14a, option 1) . In this explanation, a SW-vergent fold and thrust belt with bedding, fold axial planes and cleavage dipping moderately to the north-east, with geometries similar to our measurements in the Cordilleran or Cascade fold and thrust belts (Fig. 5c,d ), would have ®rst developed. Late contraction then steepened all of these structures and formed a pervasive cleavage with steep north-east dips . Pluton emplacement and porphyroblast growth occurred during this late contraction , consistent with the observation that the porphyroblasts preserve Si trails recording a transition from moderate to steeply dipping foliation.
The second interpretation is that the sigmoidal patterns re¯ect shearing during folding with (Fig. 14a,  option 3) or without (Fig. 14a, option 2 ) rotation of porphyroblasts. Our strain data indicate that intense bedding-parallel fabrics already existed in shaly units prior to folding. These foliations, plus foliations formed early during SW-vergent,¯exural¯ow folding, may have formed more gently dipping fabrics, which then steepened as folding continued and bedding rotated to steep dips (Fig. 14a, option 2) . Again, the regional timing relationships indicate that pluton emplacement occurred during folding.
A third interpretation is that gently dipping foliations formed in the crestal portions of late Jurassic plutons and were transposed to steep dips during continued regional shortening. An example of this is preserved in the region of gently dipping foliation in the northern part of the me Âlange belt in Fig. 6 . To the north and south of this region, subsequent folding increasingly transposed the gently dipping foliation formed above the pluton to steep dips.
Using only the porphyroblast±matrix relationships, we cannot distinguish between the above three possibilities, particularly since all three processes occurred in the Foothills Terrane at approximately the same time. The ®rst two might re¯ect`regional' processes, whereas the third is only a local process. Therefore, the simple Si patterns may or may not record information about regional events.
We have suggested that the more complicated Si patterns represent the overgrowth of locally developing structural heterogeneities. There is independent geological evidence for several processes that form such local heterogeneities in the Foothills Terrane. First, strains associated with the cleavage are heterogeneous from regional (Figs 4b & 7) to thin-section (Figs 2h & 13; Paterson et al., 1989) scales, and must result in domains of local shear or complex¯ow along strain gradients. Tobisch et al. (1989) and Paterson et al. (1989) noted that greater structural complexity does occur in such zones in the Foothills Terrane, particularly along major lithological contacts. Greater structural complexity also occurs in shear zones (e.g. Fig. 2h ), which in the Foothills Terrane are regional-scale examples of strain discontinuities .
Heterogeneous ductile¯ow in structural aureoles during emplacement of plutons is another process resulting in local structural complexities in the Foothills Terrane (Fig. 1b insets & Figs 2g, 6, 9 & 12c,d) . In these aureoles, regional cleavages are strongly de¯ected, with dips locally de¯ected up to 90u in the crestal portions of plutons (Fig. 6 ) and strikes de¯ected up to 90u at the north-west or south-east ends of plutons. There are also locally developed, fold interference patterns in these aureoles (Fig. 12) , and elsewhere highly variable porphyroblast±matrix relationships from one part of an aureole to another . Because the porphyroblasts in the Foothills Terrane grew in contact aureoles, they may record evidence of at least some of this heterogeneous deformation. Yenes et al. (1999) presented a particularly intriguing example of localized deformation in a structural aureole around the La Berca-Bejar pluton, Spain. They noted that a crenulation cleavage, commonly orthogonal to the pre-existing foliation, formed in local domains in the aureole (Yenes et al., 1999; their ®g. 8 ).
In such a situation, syn-emplacement porphyroblast growth would record locally developed, orthogonal foliations.
A third process forming local heterogeneities in the Foothills Terrane is the development of scattered late structures, such as kinks and conjugate folds (Fig. 12a,b) , as noted by Paterson (1989) . These structures are best developed in highly anisotropic rocks, such as slates or in ductile shear zones. Paterson (1989) concluded that these structures formed by slip on the older foliation and typically formed new axial planes at high angles to the old foliation, locally in subhorizontal orientations (Fig. 12b) and locally in subvertical NE±SW-striking orientations. Continued porphyroblast growth during development of these structures would record variable, and sometimes orthogonal, foliations.
We suggest that this may be a common process in many orogens. Deformation of strongly foliated materials tends to initiate as kink-like structures or crenulations at high angles to the existing cleavage, as indicated by repeated experiments on the deformation of foliated materials (e.g. Paterson & Weiss, 1966 , 1968 Means & Williams, 1972; Etheridge et al., 1973) . Very oblique kinks or foliations develop for a wide range of external stress orientations, even for loading normal to the existing foliation (Means & Williams, 1972) . The oblique kinking tends to overcome the limitations of uniform basal slip in permitting a general deformation (Paterson, 1969) . Secondary kinks, orthogonal to the foliation, may develop in primary kinks (Etheridge et al., 1973; their ®g. 4c) . Therefore, if continued deformation of strongly foliated aggregates gave rise to successive cleavages, even if only local, they are likely to be very oblique, and potentially orthogonal, to the original foliation. This could occur even if no later regional deformation events were involved. Moreover, relating the orientations of the new folia to regional stresses would be extremely dif®cult.
Our recent examination of porphyroblasts in the Foothills Terrane has identi®ed some spectacular examples of how porphyroblasts can act as rigid objects and strongly concentrate strain along their margins (Fig. 13) . We have also found examples of crenulations that occur only in mica-rich layers and markedly increase in intensity near porphyroblasts (Fig. 13c,d ). Continued porphyroblast growth would record strongly curved, locally orthogonal foliation patterns, even though these structures are absent from quartz-rich layers just a few millimetres away. Moreover, the crenulation cleavage orientations vary from approximately orthogonal (Fig. 13c) , through strongly oblique (Fig. 13d) , to wrapping through 180u around the porphyroblasts (Fig. 13a,b) . None of the crenulations shown in Fig. 13 are regionally developed, none require more than about 1% strain at scales greater than a single thin section, and few record evidence of orthogonal foliations.
In summary, the Foothills Terrane shows independent geological evidence of the operation of several processes that can develop local, complex structures. This is particularly true in contact aureoles and in strongly foliated rocks, which are the very settings in which the porphyroblasts grew. Excellent evidence also exists that strains of even a few per cent can be greatly concentrated against porphyroblast margins, resulting in intense foliations curving around the porphyroblasts (Fig. 13) . The regional timing relationships support the operation of all of these processes during pluton emplacement (and thus porphyroblast growth), making it dif®cult to provide a single explanation for the complex Si patterns preserved in the outer margins of some Foothills Terrane porphyroblasts (Fig. 14) .
CONCLUSIONS
The data and observations presented above are relevant to three issues for the Foothills Terrane, namely: (1) whether or not inclusion trail patterns in porphyroblasts can be used to determine the long-term evolution of orogenic belts and/or past plate motions; (2) the degree to which porphyroblast±matrix relationships can be used to address questions about the relationship of deformation and metamorphism; and (3) whether greater weight should be given to single or multiple datasets.
We have compared regional datasets with studies of inclusion trail patterns in porphyroblasts that grew in contact metamorphic aureoles in the Foothills Terrane. Our main conclusions are the following: (1) except in shear zones, contact aureoles and local zones along lithological contacts, a single regional cleavage exists in this belt, although it was formed by multiple processes; (2) the widespread preservation of bedding, presence of poorly cleaved domains and patterns of strain in gradients between high-and low-strain domains all indicate that multiple, regional cleavage-forming events did not occur; (3) regionally developed cleavage and locally developed porphyroblast inclusion trails have variable orientations, and neither dataset supports the formation of dominantly subhorizontal and subvertical cleavages; (4) structural and metamorphic heterogeneities occur at all scales, particularly in rocks in which porphyroblasts are likely to grow; and (5) complex growth features and complex internal inclusion trail patterns form in porphyroblasts that grew over short durations in contact aureoles, indicating that local complexity preserved in these porphyroblasts does not re¯ect regional tectonic complexity in the Foothills Terrane.
The alternative interpretation (Bell & Hickey, 1999) for the complex Si patterns preserved in a small percentage of porphyroblasts requires the following situations: (1) ®ve orthogonal deformation events, each of which either largely wiped out all evidence of the previous event or produced no penetrative foliations; (2) regional strain rates of 10 x13 x10 x12 s x1 ; (3) some process by which folds only formed during the second of ®ve events, whereas the matrix cleavage largely formed during the fourth of ®ve events; (4) a mechanism by which¯ow during matrix cleavage formation was`dominated by east side up shear' without mesoscopic and macroscopic reorientation of bedding or older cleavage; and (5) a process by which changing orogenic forces (presumably involving plate motions) formed new cleavage orientations against the margins of <20% of the porphyroblasts, but not the remaining 80%. We ®nd all ®ve of these requirements unlikely, and instead suggest that the complex growth and Si patterns simply re¯ect local strain heterogeneities in contact aureoles. In this way, all the observations on the Foothills Terrane porphyroblasts under discussion can be reconciled.
It is suggested that the inference of orogen-scale processes from rare, local inclusion trail patterns in porphyroblasts in contact metamorphic aureoles is dubious. As emphasized by p. 1186) , many of the published examples of inferred orthogonal foliations are microstructural and may not re¯ect orogen-scale processes.
In conclusion, it is suggested that complex growth features and internal inclusion trail patterns formed in porphyroblasts in the Foothills Terrane that grew over short durations re¯ect the concentration of very localized strains adjacent to the porphyroblasts. 14. Alternative models to explain both the more common, simple patterns (top row, a) and the rarer, more complex patterns (bottom row, b) of porphyroblast±matrix relationships seen in the western part of the southern Foothills Terrane. The inferred process(es) in each model is supported by independent geological evidence. These diagrams emphasize that both the simple and complex patterns may form by a variety of local rather than regional processes. See text for full discussion. Drawings of porphyroblast Si patterns redrafted from examples in Bell & Hickey (1999) .
Therefore, local complexity in the porphyroblasts does not imply regional complexity of the orogen.
In light of the above, it is suggested that porphyroblast±matrix studies in some other orogens need to be re-evaluated, particularly where the porphyroblasts grew in contact aureoles. It is less clear whether our results apply to porphyroblasts that grew during regional metamorphic events, although metamorphic and structural heterogeneities probably occur regionally as well. Therefore, it is recommended that multiple datasets should be used when attempting to understand the evolution of orogens, and it is unjusti®ed to use inclusion trails in porphyroblasts to infer plate motions.
